InTRODuCTIOn
Approximately 20% of patients with acute pancreatitis develop necrosis of the pancreas and peripancreatic tissue. 1 These patients have a prolonged disease course with a high risk of complications such as multiple organ failure, secondary infection of the necrosis and death. 1 2 Many patients with necrotising pancreatitis ultimately need to undergo pancreatic necrosectomy. [1] [2] [3] [4] Death rates after pancreatic necrosectomy recently reported by international specialist centres vary from 0% to 25%. [5] [6] [7] [8] [9] [10] [11] [12] This variation may be explained by differences in case-mix or by differences in treatment strategies and local expertise. Several changes in the treatment of patients with necrotising pancreatitis have occurred over the last 20 years. First, the timing of intervention has shifted from very early in the disease course to around 3-4 weeks after onset of symptoms. 3 4 13 Second, the indication for necrosectomy has changed from sterile necrosis to predominantly infected necrosis. 3 4 14 Third, percutaneous or endoscopic drainage of the necrotic collection is now often the first step in treatment before necrosectomy. 15 Finally, as an alternative to open necrosectomy, minimally invasive surgical necrosectomy and the even less invasive endoscopic necrosectomy are increasingly being performed. 7-10 12 Minimally invasive necrosectomy is thought to be beneficial in the acute phase by inducing less surgical stress, thereby lowering the proinflammatory response, especially in already critically ill patients. 16 17 Another advantage is the avoidance of the long-term morbidity of a large abdominal incision. Studies that directly compare minimally invasive necrosectomy with open necrosectomy for primary clinical outcomes are scarce. A few retrospective studies have been performed, but Endoscopy these were mostly small and hampered by selection bias and confounding. 12 18 The only available randomised trial included only 20 patients. 17 Despite the lack of evidence in favour of minimally invasive surgical and endoscopic necrosectomy, these techniques are increasingly popular in the treatment of necrotising pancreatitis. This, combined with the fact that necrotising pancreatitis is a complex and relatively rare disease, makes it unlikely that a trial with a sufficiently large sample size to study mortality will ever be performed. It therefore remains unclear if minimally invasive necrosectomy methods reduce death rates, especially in the context of other recent changes in the treatment of necrotising pancreatitis. As a result, open necrosectomy remains a valid option and is still practised worldwide. 3 11 19 20 In this international collaborative project, we combined original patient data from published and unpublished cohorts on pancreatic necrosectomy in specialist centres worldwide. We compared death rates of open necrosectomy with minimally invasive surgical and endoscopic necrosectomy in a large number of patients. This allowed for several approaches to adjust for confounding and to study effect modification by clinical severity. We hypothesised that minimally invasive necrosectomy reduced death rates.
METhODS

Study design
We combined original study data from patients undergoing pancreatic necrosectomy in 51 hospitals who were included in 15 cohorts from specialist pancreatic centres in the USA and Canada (n=4), UK (n=4), Germany (n=2), Hungary (n=2), The Netherlands (n=1), India (n=1) and Brazil (n=1). The cohorts were identified by a predefined systematic literature search. A total of 13 cohorts were published previously. 6-10 19 21-27 For four of these cohorts, 7 10 19 24 additional patients were included of whom the data were unpublished and two cohorts consist of entirely unpublished data. Details on the search, eligibility criteria, included cohorts and quality assessment/risk of bias of individual studies are available in the online supplementary appendix (p4-5). Once the corresponding author of a cohort agreed to participate, case record forms containing original and additional individual patient data regarding baseline characteristics, method of intervention and clinical outcomes were collected. All data were anonymised. The institutional review boards of the participating centres approved study protocols, if appropriate. The study design was predefined and prospectively registered (www. crd. york. ac. uk/ PROSPERO: CRD42014008995). We adhered to the STROBE guidelines (The Strengthening the Reporting of Observational Studies in Epidemiology) and the PRISMA-IPD guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analyses for Individual Patient Data). 28 
29
Data collection
Data were collected in a standardised manner using an electronic case record form. The following baseline variables were collected: sex, age, tertiary referral, cause of pancreatitis, catheter drainage before necrosectomy, time from hospital admission to necrosectomy, Acute Physiology and Chronic Health Evaluation II (APACHE-II) score and organ failure ≤24 hours before necrosectomy, documented infection of necrosis, and year of necrosectomy. Method of necrosectomy (ie, open necrosectomy, minimally invasive surgical necrosectomy or endoscopic necrosectomy), complications and death were also recorded. Further details on data collection and definitions of variables are provided in the online supplementary appendix (p5-6).
Data were checked for consistency and plausibility. Data were missing in 8 of the 13 baseline variables, with a range of 0.2%-4.7%. Missing data were imputed by multiple imputation using chained equations. More information on missing data and imputation is available in the online supplementary appendix (p6-7).
Statistical analysis
Patients undergoing open necrosectomy were compared with patients undergoing minimally invasive surgical necrosectomy and with patients undergoing endoscopic necrosectomy. primary endpoint was in-hospital death during index admission. Readmissions within 10 days after discharge from index admission were considered as part of the index admission. Patients were analysed according to the intention-to-treat principle. We anticipated that certain prognostic baseline variables that are associated with death, such as measures of disease severity, would not be evenly distributed among treatment groups. This could be due to selection bias in the individual cohorts or because clinical severity played a role in deciding which method of necrosectomy was performed (ie, confounding by indication or confounding by severity). 30 To adjust for confounding and to explore effect modification by clinical severity, we performed two main analyses.
The first main analysis was a multivariable logistic regression analysis to evaluate the association between different methods of necrosectomy and death. Formation of a directed acyclic graph was used to aid selection of covariates to be included in the model (see online supplementary appendix (p7,13)). 31 The following factors were included as covariates: age, documented infected necrosis, study cohort, time since hospital admission, year of necrosectomy and severity of disease parameters within 24 hours of necrosectomy, and APACHE-II score, cardiovascular failure, pulmonary failure and renal failure. To study the effect of disease severity as a modifier on the outcome, we performed a secondary analysis in which an interaction term for severity with method of necrosectomy was added to the final multivariable model. We chose the APACHE-II score at time of necrosectomy (ie, APACHE <7, ≥7 to <11, ≥11 to <15, and ≥15) as the disease severity indicator in these analyses because it is a composite of clinical and laboratory parameters indicative of disease severity at a specific point in time. 32 The second main analysis was a propensity score-matched analysis with risk stratification. Recognising severity of disease as a possible effect modifier (ie, the beneficial effect of minimally invasive necrosectomy is greater in more severely ill patients), all patients were stratified according to their predicted risk of death at baseline. To accomplish this, a prediction model for the risk of death determined at baseline (ie, within 24 hours before necrosectomy) was developed using the data from patients undergoing open necrosectomy (ie, the control group). 33 First, the univariable association was determined between death and all of the following baseline characteristics: study cohort, sex, age, year of necrosectomy, cause of pancreatitis, tertiary referral, catheter drainage before necrosectomy, documented infected necrosis, time since hospital admission and severity of disease parameters within 24 hours of necrosectomy, APACHE-II score, cardiovascular failure, pulmonary failure and renal failure. All factors with p<0.1 were included in a multivariable regression analysis, with forced entry of sex and infected necrosis (ie, a variable hypothesised to have major prognostic value). Variables were excluded using stepwise backward elimination (p>0.05). Variables that remained independently associated with death in the multivariable model were study cohort, age, APACHE-II score, cardiovascular failure, pulmonary failure and renal failure. Performance of the model was very good with an area under the curve of 0.85. We chose this method as opposed to classifying severity of pancreatitis in general by the recently revised Atlanta classification 1 or the determinant-based classification of acute pancreatitis severity 34 because we specifically wanted to determine disease severity at the time of necrosectomy.
Using this model, patients in each treatment group were assigned to one of four baseline categories of predicted risk of death: low (<5%); intermediate (≥5% to <15%); high (≥15% to <35%); or very high (≥35%). Further details on the prediction model and risk stratification are available in the online supplementary appendix (p7). Within the four risk groups, patients were matched using their propensity score to create cohorts of patients with similar baseline characteristics. The propensity score is the probability of treatment assignment conditional on observed baseline characteristics and allows one to design and analyse an observational study so that it mimics some of the characteristics of a randomised trial. 35 We developed a non-parsimonious multivariable logistic regression model to estimate a propensity score for minimally invasive surgical necrosectomy and endoscopic necrosectomy. This included study cohort as a cofactor to adjust for potential hidden confounders (eg, better supportive intensive care in more recent years). Details of the individual variables included in the model are provided in the online supplementary appendix (p8). Patients undergoing minimally invasive surgical necrosectomy or endoscopic necrosectomy were matched 1:1 with patients undergoing open necrosectomy using their propensity score with the nearest neighbour matching algorithm without replacement (a calliper width equal to 0.2 of the SD of the logit score was used). Standardised differences were estimated for all the baseline covariates to assess imbalance before matching and balance after matching. A standardised difference of less than 10% indicates appropriate balance. 35 Results of multivariable regression analysis are given as ORs and 95% CIs. Differences in death rates were tested with the McNemar's test for paired data in the matched cohorts. Comparisons of death rates are presented as risk ratios. All tests were two-tailed and p values of less than 0.05 were considered statistically significant.
Predefined subgroup analyses were performed for patients with infected necrosis and for patients who underwent previous catheter drainage. Several other sensitivity analyses were performed in the comparison of minimally invasive necrosectomy and open necrosectomy (see online supplementary appendix (p8)). We also compared endoscopic necrosectomy with minimally invasive surgical necrosectomy on the primary outcome death using propensity score matching and risk stratification.
RESulTS
Study population
We included 1980 patients who underwent pancreatic necrosectomy; a total of 1167 patients underwent open necrosectomy, 467 patients underwent minimally invasive surgical necrosectomy and 346 patients underwent endoscopic necrosectomy. Baseline characteristics for the entire study population and per study cohort are presented in the online supplementary appendix (p21-23). A total of 325 out of 1980 patients (16%) in the study died during index admission.
logistic regression adjusted analysis
While adjusting for confounders (ie. cohort, age, documented infected necrosis, study cohort, time since hospital admission, year of necrosectomy and severity of disease parameters within 24 hours of necrosectomy, APACHE-II score, cardiovascular failure, pulmonary failure and renal failure), method of necrosectomy was significantly associated with death (see online supplementary appendix (p24). Compared with open necrosectomy, minimally invasive surgical necrosectomy displayed an OR of 0.53 (95% CI 0.34 to 0.84; p=0.006), and endoscopic necrosectomy an OR of 0.20 (95% CI 0.06 to 0.63; p=0.006).
Inclusion of the interaction term 'disease severity (APACHE-II score) by method of necrosectomy' showed that endoscopic Endoscopy necrosectomy was associated with less mortality irrespective of the APACHE-II score (OR 0.13; 95% CI 0.02 to 0.95; p=0.04). The interaction term 'APACHE-II score by minimally invasive surgical necrosectomy' confirmed that clinical severity is an effect modifier, as minimally invasive surgical necrosectomy only remained associated with less mortality in patients with the highest APACHE-II scores (OR 0.27; 95% CI 0.08 to 0.88; p=0.03). Detailed results of this secondary regression analyses are provided in the online supplementary appendix (p25).
Propensity score-matched analysis with risk stratification
Using a multivariable prediction model (see online supplementary appendix (p26)), patients were stratified according to their predicted risk of death at baseline. Stratification was considered successful because there were no major differences in predicted risk of death for patients undergoing open necrosectomy, minimally invasive surgical necrosectomy and endoscopic necrosectomy, respectively: low-risk group: median 2% (IQR, 1%-3%) vs median 3% (IQR, 0%-4%) vs median 4% (IQR, 2%-4%); intermediate-risk group: median 9% (IQR, 7%-11%) vs median 9% (IQR, 7%-12%) vs median 10% (IQR, 8%-12%); high-risk group: median 24% (IQR, 18%-29%) vs median 22% (IQR, 19%-29%) vs median 22% (IQR, 19%-27%); and very highrisk group: median 52% (IQR, 43%-64%) vs median 58% (IQR, 45%-78%) vs 51% (IQR, 42%-72%).
Subsequently, a total of 376 patients who underwent minimally invasive surgical necrosectomy were matched with 376 patients who underwent open necrosectomy, and a total of 198 patients who underwent endoscopic necrosectomy were matched with 198 patients who underwent open necrosectomy. Baseline characteristics in each risk group for unmatched and matched cohorts are presented in tables 1 and 2. In the unmatched cohorts, although predicted risk of death was similar within each of the four risk groups, significant imbalance in individual baseline characteristics remained after risk stratification, as indicated by standardised mean differences greater than 10%. The matched cohorts were well balanced for all baseline characteristics because none of the standardised differences exceeded 10%. There was sufficient overlap in propensity scores as is shown in the online supplementary appendix figures 4 and 5.
Actual death rates in the matched cohorts in each risk group are shown in figure 1. Minimally invasive surgical necrosectomy was associated with a lower risk of death than open necrosectomy in the very high-risk group (risk ratio 0.70; 95% CI 0.52 to 0.95; p=0.02). Endoscopic necrosectomy was associated with a lower risk of death than open necrosectomy in the highrisk group (risk ratio 0.27; 95% CI 0.08 to 0.88; p=0.03) and the very high-risk group (risk ratio 0.43; 95% CI 0.24 to 0.77; p=0.005), with judgement suspended in the intermediate-risk group (risk ratio 0.14; 95% CI 0.02 to 1.10; p=0.06).
Subgroup and sensitivity analyses
The propensity score-matched analysis was also performed in the subgroups of patients with documented infected necrosis (403 patients (86%) in the minimally invasive surgical group, 197 patients (57%) in the endoscopic group and 885 patients (76%) in the open necrosectomy group) and in patients who underwent previous catheter drainage (436 patients (93%) in the minimally invasive surgical group, 178 patients (51%) in the endoscopic group and 210 patients (18%) in the open necrosectomy group). Baseline characteristics for the unmatched and the matched cohorts and the actual death rates after matching
Exclusion of patients undergoing necrosectomy before 3 weeks (ie, <22 days) after admission from the matched cohorts resulted in loss of nearly half of all pairs in each of the two compared groups. Patients undergoing minimally invasive necrosectomy still had lower death rates, although statistical significance was no longer reached (see online supplementary appendix p59).
As alternative risk stratification, patients were stratified according to their APACHE-II score within 24 hours before necrosectomy (ie, <7, ≥7 to <11, ≥11 to <15, and ≥15) and matched with propensity score matching (online supplementary appendix (p43-48)). Similar to the primary analyses, minimally invasive surgical necrosectomy and endoscopic necrosectomy were associated with a lower actual death rate in the higher APACHE-II groups (see online supplementary appendix (p49-50)).
In addition to death, other study outcomes included postoperative complications (ie, bleeding and pancreatic fistula), number of necrosectomies and hospital stay after necrosectomy. In the matched cohorts, bleeding occurred in 5%-19% of patients and was more frequent in the higher risk of death groups. There was no statistically significant difference for the complication bleeding between minimally invasive necrosectomy methods and open necrosectomy. Pancreatic fistula occurred in 4%-35% of patients, was more frequent in patients at lower risk of death and occurred more often in patients who underwent open necrosectomy. Overall, patients who underwent minimally invasive surgical necrosectomy had the longest hospital stay after necrosectomy (median over the four risk groups ranging from 32 to 59 days), followed by open necrosectomy (median ranging from 21 to 52 days) and endoscopic necrosectomy (median ranging from 5 to 42 days). The number of necrosectomies was highest in the endoscopic groups (median ranging from 3 to 4), followed by the minimally invasive surgical groups (median ranging from 2 to 3) and open necrosectomy groups (median 1). Detailed results with respect to all other outcomes in each risk group are provided in the online supplementary appendix (p51-54).
In our secondary comparison of endoscopic necrosectomy with minimally invasive surgical necrosectomy, 215 patient pairs were matched. Baseline characteristics before and after matching in each risk group are presented in the online supplementary appendix (p55-57). In the matched cohorts, the differences in death rates between the endoscopic groups and minimally invasive surgical groups were not statistically significant (see online supplementary appendix (p58)).
DISCuSSIOn
In this international collaborative study involving 1980 patients with necrotising pancreatitis from 51 hospitals across 8 countries, minimally invasive surgical necrosectomy or endoscopic necrosectomy compared with open necrosectomy significantly decreased mortality among high-risk patients. In contrast to meta-analyses which pool data directly from published results (ie, paper analysis), this study provides a combined analysis of original, individual patient data of previously published cohorts (including unpublished data from ongoing registries) and unpublished cohorts.
A large number of, mostly retrospective, cohort studies have reported outcomes of patients undergoing minimally invasive pancreatic necrosectomy. Few studies, however, have directly compared minimally invasive necrosectomy with open necrosectomy. One meta-analysis, based on paper analysis of four studies, 18 Mortality was 17% after minimally invasive surgical necrosectomy vs 30% after open necrosectomy (OR 0.43; 95% CI 0.01 to 8.60; p=0.06). This meta-analysis, however, suffered from significant heterogeneity. Another single-centre study compared 274 patients undergoing minimally invasive surgical necrosectomy with 120 patients undergoing open necrosectomy; mortality was 15% vs 23% (p=0.06). 12 Our study, with individual patient data, differed from these earlier studies because of its much larger sample size, and as a consequence the possibility to analyse different risk groups and to adjust for the effects of confounding and selection bias. Moreover, this study was novel in performing a head-to-head comparison of patients undergoing different methods of necrosectomy, in contrast to a previously published randomised study comparing open necrosectomy with a step-up approach (ie, catheter drainage followed, if necessary, by minimally invasive necrosectomy) 15 and a recently finished trial comparing an endoscopic step-up approach with a surgical step-up approach (ISRCTN09186711).
How can the lower death rates after minimally invasive necrosectomy be explained? It is well known that, in various diseases, minimally invasive surgical techniques induce less surgical stress and thereby lead to a lower systemic proinflammatory response compared with open surgery. 36 37 This was also demonstrated in necrotising pancreatitis: in the only randomised trial that compared endoscopic necrosectomy with surgical necrosectomy (a total of 20 patients), endoscopic necrosectomy reduced the levels of the proinflammatory cytokine interleukin (IL)-6 during the 7 days after the procedure. 17 The more pronounced proinflammatory response invoked by open necrosectomy may facilitate organ failure or worsen pre-existing organ failure, especially in patients who are already suffering from a severe inflammatory condition such as necrotising pancreatitis. 15 This seems of particular importance because organ failure is the main determinant for mortality in patients with necrotising pancreatitis, especially in the presence of infected necrosis. 38 The same trial that demonstrated lower levels of IL-6 after endoscopic necrosectomy also showed lower rates of postprocedure multiple organ failure. 17 A reduction in multiple organ failure with less surgical stress was also seen in another randomised trial that compared primary catheter drainage with open necrosectomy in 88 patients with necrotising pancreatitis. 15 In contrast with these previous trials, 15 17 we did not study the rate of organ failure as a surrogate outcome. Our study was designed to evaluate the most relevant clinical endpoint of mortality, with a sufficiently large number of patients, even in the subgroups of the most severely ill patients.
Our results suggest that patients with necrotising pancreatitis who are severely ill should undergo minimally invasive surgical or endoscopic necrosectomy instead of open necrosectomy, given the expertise in these minimally invasive techniques is available. If the expertise is absent and the patient is clinically unfit for transport to a tertiary referral centre, open necrosectomy may still be acceptable. In the propensity score-matched analysis, we did not find significantly lower death rates in the low-risk and intermediate-risk groups. These patients, who are in a relatively stable clinical condition, seem capable of sustaining the larger surgical stress and proinflammatory hit induced by open necrosectomy. Another explanation may be that, due to their lower a priori risk of death, the subgroup of less severely ill patients was too small to detect a difference in death between methods of necrosectomy. This is supported by the wide 95% CIs observed in these groups (figure 1). One could therefore argue that open necrosectomy is still a reasonable treatment option in these patients. However, other reasons to prefer minimally invasive necrosectomy techniques *± Values are mean±SD. A value of less than 10.0% of the standardised difference indicates a negligible difference between groups. Patients are stratified in four risk groups based on predicted death at baseline, which was determined by a multivariable prediction model incorporating study cohort, APACHE-II score, cardiovascular failure, pulmonary failure and renal failure in the 24 hours before necrosectomy (details on prediction model in the online supplementary appendix p7). †Within 24 hours before necrosectomy. ‡Circulatory systolic blood pressure <90 mm Hg, despite adequate fluid resuscitation or need for inotropic catecholamine support. §PaO 2 <60 mm Hg, despite FIO 2 of 30% or need for mechanical ventilation. ¶Creatinine level >177 μmol/L after rehydration or need for haemofiltration or haemodialysis. **Positive microbiological culture from fine-needle aspiration before necrosectomy or from first catheter drainage before necrosectomy or from primary necrosectomy. Patients are stratified in four risk groups based on predicted death at baseline (Low: <5%, Intermediate: ≥5% to <15%, High: ≥15% to <35% and Very high: ≥35%) which was determined by a multivariable prediction model incorporating study cohort (ie, to adjust for hidden confounders), age, APACHE-II score, cardiovascular failure, pulmonary failure, and renal failure in the 24 hours before necrosectomy.
are lower rates of pancreatic fistula as shown in our study and lower rates of long-term complications such as incisional hernias and endocrine or exocrine pancreatic insufficiency. 15 17 To fill the existing evidential gap on clinical outcome superiority for the increasing popularity of minimally invasive necrosectomy, the primary aim of our study was to compare minimally invasive necrosectomy with open necrosectomy on the outcome in-hospital death. In our secondary analysis we compared endoscopic necrosectomy with minimally invasive surgical necrosectomy. Although endoscopic treatment is considered the least invasive necrosectomy method, we did not find a statistically significant decrease in mortality. This could be explained by a type II error. Endoscopic techniques are rapidly developing, for example with the recent introduction of lumen apposing metal stents which show promising results with high clinical success rates. 39 It is therefore expected that in the evolution of necrosectomy techniques, a shift will occur from open necrosectomy to minimally invasive necrosectomy to an increase in the use of endoscopic techniques.
Our study does not have the preferred design of a randomised trial. It is therefore possible that measurement errors and hidden or unknown confounding factors, which are not accounted for in our analyses, may have influenced results. Using per-protocol predefined case record forms for data extraction and well-defined patient inclusion criteria, however, reduced the risk of measurement errors to a minimum. The included cohorts did not capture data on preoperative imaging, such as extent and location of peripancreatic necrosis on CT. These factors likely influenced the decisions to perform minimally invasive or open necrosectomy in certain patients. For instance, small and centrally located peripancreatic collections are best accessible by endoscopy, whereas collections extending to the paracolic gutter may prefer a minimally invasive surgical approach. Notably, not all patients with necrotising pancreatitis are candidates for minimally invasive techniques. A small minority of patients with extensive collections may only be suitable for an open surgical approach. Also, the time period in which necrosectomy was performed may have introduced unknown confounders (eg, supportive treatment on the intensive care unit may have improved over the years). As all three necrosectomy methods were performed in the most recent years (1998 and onward), overlap was judged to be sufficient for adjustment for year of necrosectomy in our first main (multivariable regression) analyses. This does not exclude all risks of lack of overlap in the regression analysis, however, because it may have led to extrapolation of the results from previous years to newer years. The insufficient overlap in the variable 'year of necrosectomy' between minimally invasive necrosectomy methods and open necrosectomy precluded the inclusion of year of necrosectomy as a factor in the propensity score matching. Too many patients from the control group (ie, open necrosectomy) would have been excluded, which would have led to a significant loss of matched pairs. We performed our study in the largest known cohort of patients undergoing necrosectomy for necrotising pancreatitis. In our analyses, we adjusted for important factors widely recognised as being associated with death. Unfortunately, the risk of residual confounding, which can only be eliminated by a randomised design, remains apparent. A randomised trial with a sample size large enough to detect a difference in mortality will, however, be very difficult to realise and no such trial is currently planned. Future randomised studies concentrating on patient-oriented outcomes such as health-related quality of life and hospital stay may serve as a valuable alternative. Until these are available, large observational studies, despite their inherent risk of persisting bias, yield the best available evidence to guide clinical decision making in this severe and complex disease. Because patients from 51 hospitals across 8 countries and 3 continents were included in this study, we believe our results are generalisable to patient populations with necrotising pancreatitis.
In conclusion, among severely ill patients with necrotising pancreatitis, minimally invasive surgical necrosectomy and endoscopic necrosectomy are associated with reduced death rates compared with open necrosectomy.
